Abstract. Expertise with encoding material has been shown to aid long-term memory for that material. It is not clear how relevant this expertise is for image memorability (e.g., radiologists' memory for radiographs), and how robust over time. In two studies, we tested scene memory using a standard long-term memory paradigm. One compared the performance of radiologists to naïve observers on two image sets, chest radiographs and everyday scenes, and the other radiologists' memory with immediate as opposed to delayed recognition tests using musculoskeletal radiographs and forest scenes. Radiologists' memory was better than novices for images of expertise but no different for everyday scenes. With the heterogeneity of image sets equated, radiologists' expertise with radiographs afforded them better memory for the musculoskeletal radiographs than forest scenes. Enhanced memory for images of expertise disappeared over time, resulting in chance level performance for both image sets after weeks of delay. Expertise with the material is important for visual memorability but not to the same extent as idiosyncratic detail and variability of the image set. Similar memory decline with time for images of expertise as for everyday scenes further suggests that extended familiarity with an image is not a robust factor for visual memorability.
Introduction
Humans have a massive and high-fidelity visual long-term memory, 1 far superior to verbal memory. 2 Visual memory also highly supersedes auditory memory even for musicians. 3, 4 We are well prepared to commit to memory the visual images of the sorts of scenes that we encounter in the world, and this ability raises a series of questions that are relevant for clinical research and practice in radiology such as robustness of that memory over time and the characteristics of the formed memory trace.
Investigators who design visual performance studies with radiologists as the intended participants take care to negate as much as possible the effects of memory for the images being shown on the outcome of the study. Some of these measures require little time or effort, for instance, showing images in different random orders each time. Commonly, investigators also build in a time gap between viewings. This can become lengthy, and there is little guidance in the literature as to how long it should be or whether such a time gap is needed at all.
The reason it is not clear if a time gap is needed is that little is known about the degree to which radiologists recognize specific radiologic images. Mnemonic ability for representative stimuli from a domain of expertise has been seen as essential for acquisition of that expertise, and studies have shown that memory for images can be augmented by expertise in the field to which the images relate. Master chess, bridge, or sports players and computer programmers have superior ability compared to nonexperts in memorizing meaningful material from their general domains of expertise, [5] [6] [7] [8] [9] [10] but not for randomly rearranged versions of those stimuli. This memory seems to be linked to recognition of specific patterns. For example, there are only a certain number of ways that chess pieces are likely to be configured on a board, and a chess master can recognize one of these patterns when it is seen again. Radiologists, however, may rely less on the ability to remember specific meaningful arrangements than on learning the patterns that may signify a specific disease with the hope that they can then recognize these patterns even when they vary in their appearance from one patient to the next, and this might then help them with diagnosis. The degree to which this ability may be associated with an ability to recognize specific radiographs is unclear.
Two studies that have focused on visual recognition memory in breast imaging found that radiologists did not recall images that they had earlier interpreted when mixed with mammograms that had been interpreted by others, 11 and their absolute performance in recognizing previously encountered mammograms was quite poor even though superior to that of nonexperts, and far worse than their performance with everyday scenes and objects. 12 In studies with chest radiographs, there are findings of superior memory for experienced radiologists compared to first-year residents for chest radiographs with abnormalities [13] [14] [15] and weak incidental memory for repetition of chest images with abnormalities after short intervals. 16 Thus, there is no clear evidence that radiologists have a massive memory for representative radiographic images.
The main motivation for the present investigation was to address the aforementioned concern for observer studies in radiology in regard to the effects of visual memory for the study material. Therefore, the purpose of the present studies was fourfold. First, we wished to build on the studies mentioned and further investigate the relationship between visual recognition memory and perceptual expertise by comparing radiologists' and naïve subjects' recognition memory for chest radiographs versus everyday scenes. We chose chest radiographs because (1) they come close to being the medical equivalent of scenes, in that they are composed of several different structures (e.g., bones, lung, heart, vessels, and the silhouette of the outer surface of the body) with different very specific spatial layouts, and (2) they demonstrate less homogeneity than mammograms. To build on the results of this first experiment, we then wanted to test radiologists' recognition memory with datasets that would "even the playing field" as compared with the everyday scene versus chest radiograph comparison. For this part of our study, we chose everyday scenes from just one class of image (forests) and compared them with a more varied assortment of musculoskeletal radiographs. Third, we wanted to investigate the robustness of visual recognition memory for radiologists over time. We did this by combining in the second experiment tests of both immediate and delayed memory. Finally, we wanted to investigate the degree to which expert radiologists can predict which radiographs will be easy or difficult to recognize. By choosing these questions, we believed we could move knowledge forward in several directions with just two interconnected experiments.
2 Experiment 1 2.1 Methods
Study participants
To evaluate visual recognition memory of medical experts for images in their general domain of expertise, we used a standard procedure from psychological sciences. Two groups of participants took part in the present study, a group of radiologists and a control group of medically naïve participants. The expert group consisted of 12 board-certified radiologists (six males and six females, 6 to 39 years of experience after residency), not all subspecialists in chest radiology yet reading on average 140 chest radiographs per week. The control group of 12 medically naïve observers (seven females and five males) had no medical background and an age range from 21 to 55 years. Informed consent was obtained from participating radiologists and medically naïve participants.
Stimuli and apparatus
A radiologist (XX), who did not later participate as an observer, obtained 108 anonymized chest radiographs from the University of Texas, MD Anderson Cancer Center. Informed consent was waived with respect to patients whose radiographs were used. To avoid the bias that might come of having a hand-selected group of radiographs, these 108 radiographs were the posterior-anterior (PA) projections associated with 108 consecutive outpatient PA and lateral chest radiographs that she encountered in her clinical practice. They were a mixture of images with and without abnormalities. No medical history data were associated with them as shown to the observers. The radiologist who collected them also indicated whether an abnormality was present or absent [ Fig. 1(b) ]. The stimulus set used to test memory for real scenes consisted of 108 real photographs of different categories of images (e.g., beach, mountain, cityscape, forest, and room interior) obtained from a public image dataset hosted by the Computational Visual Cognition Laboratory at MIT 17 [ Fig. 1(a) ]. The experiment with the medically naïve group was conducted on a Macintosh computer running MacOS X. The experiment for the radiologists was run on a Dell Precision M6500 computer (Austin, Texas). Both computers were controlled by MATLAB ® 7.5.0 and the Psychophysics Toolbox, Version 3.
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Ranking of chest radiographs
To allow us to test how well it can be predicted which radiographs will be recognized and which will not, we also placed all 108 images in order in a PowerPoint program and requested three board-certified radiologists, all with subspecialty expertise in thoracic imaging, to divide the images into three equal groups: those they thought would be easy to recognize, difficult to recognize, and of intermediate difficulty. None of these three radiologists participated as an observer. All were encouraged to apply whichever criteria seemed appropriate to each individual image to determine ease or difficulty of recognition.
Procedure
This prospective study was reviewed and approved by the University of Texas, MD Anderson Cancer Center, institutional review board and was HIPAA compliant. The study was composed of study and test phases for each of two stimulus sets. The study and test phases were done back to back for one stimulus set before the subject went on to the next set. In the study phase, each participant saw 72 images that were randomly taken from the 108 chest radiographs or everyday scenes. The study images were consecutively presented on the computer display, each for 3 s with no time between the images, resulting in a total time of 3 min and 36 s for the study phase. Participants were told to memorize the images in preparation for a recognition test. The test phase followed immediately after the study phase. In the test phase, participants saw a sequence of 72 images, of which 36 were randomly chosen old images from the study phase, and the remaining 36 were completely new images. Each test image was presented one at a time on the display until the participant responded. Participants were asked to label each image as "old" or "new" by pressing the appropriate computer key. The images remained on the screen until the response was given, and immediate feedback was provided for each test image. All participants completed the test and study phase blocks for the two image types for a total of 144 test trials. The order of the blocks was counterbalanced across participants. Our principal unit of analysis was the probability of a hit minus the probability of a false alarm (hits -false alarms), which we refer to as recognition accuracy. We also report performance in terms of percentage correct and assess differences using the signal detection measures of memory sensitivity (d′) and response criterion (c).
Results

Recognition Memory
The aim of this prospective study was to examine visual recognition memory of radiologists in general and more specifically for images from their general domain of expertise (chest radiographs). In addition, we wanted to see how they compare to medically naïve participants. Based on the results of a mixed model analysis of variance (ANOVA), both groups were very good at remembering everyday scenes (radiologists 85%, s:e:m: ¼ 0 ¼ :24; Fð1;22Þ ¼ 164.7, p < 0.0001] but still significantly above chance for radiologists (radiologists p < :0001; naïve p < :026). Though the naïve participants' memory performance for radiographs was above chance, it was very poor, with only 55% correct.
When testing memory for real photographs of everyday scenes, there is no significant difference in memory performance between radiologists and the naïve group [tð22Þ ¼ 1. 
Correlation with memorability scoring
First, we looked at the level of agreement between the three board-certified radiologists with subspecialty expertise in thoracic imaging. We examined their ranking scores for individual images and found that on average at least two radiologists agreed 90% of the time. All three radiologists agreed for 77 radiographs (71.3%), and we consider this to be a ranking with consensus. Their rankings also positively correlate (r ¼ 0.69 for all images; r ¼ 0.79 for images with consensus) with the presence of an abnormality, with radiographs with no abnormalities being rated as more likely to be hard to recognize than those with abnormalities. However, we found no significant correlation between the scoring of memorability and the actual readers' performance on the memory test, either for all images (r ¼ −0.15; percentage of agreement on easy ¼ 68%; medium ¼ 67%; difficult ¼ 61%) or for images with consensus (r ¼ -0.22, easy ¼ 69%; medium ¼ 67%; difficult ¼ 61%). Thus, the images that were ranked as easy to remember by independent raters were not remembered significantly better than other images by radiologists who participated in the experiment.
Experiment 2
The intention of the second experiment was to determine (1) the degree to which the modest memory we found for chest radiographs may be improved by using a wider variety of images, (2) the degree to which the fairly robust memory we found for everyday scenes in Experiment 1 may be degraded by using a more homogeneous type of image, and (3) the degree to which the memory of each is degraded by passage of a few weeks, the time period in question being chosen because it is a reasonable estimate of the time lapse actually used in many radiology projects.
Methods
Study participants
The second experiment only involved a group of radiologists. We compared experts' performance on a more heterogeneous set of radiographs (musculoskeletal) and a more homogeneous set of one category of natural scenes (forests) when their memory was probed immediately and with a delay of approximately 7 weeks. The expert group consisted of 11 American College of Radiology board-certified attending radiologists (four males and seven females, 4.5 to 38 years of experience after residency). One subspecialized in musculoskeletal imaging, six in thoracic imaging, and four in abdominal imaging. They practice in a large academic hospital, interpreting on average 300 imaging studies per week. All participants gave informed consent to participate in this prospective study. 
Stimuli and apparatus
A radiologist (XX), who did not later participate as an observer, obtained 216 musculoskeletal radiographs from the University of Texas, MD Anderson Cancer Center. Informed consent was waived with respect to patients whose radiographs were used. To decrease the bias that might come of having a hand-selected group of radiographs, these 216 radiographs were taken from 216 consecutive patients with musculoskeletal radiographs encountered in clinical practice. As it was the intention to make this a varied set of radiographs, XX then chose just one image from among all the musculoskeletal radiographs that had been performed that day for each patient, varying the body part that was imaged and the projection to maximize variation of musculoskeletal radiographs (Table 1 ). All musculoskeletal radiographs were anonymized, and there were no medical history data associated with them when shown to observers [ Fig. 1(d) ].
The stimulus set used to test memory for real scenes consisted of 216 real photographs of only one image category, forests, obtained from a public image dataset hosted by the Computational Visual Cognition Laboratory at MIT 17 [ Fig. 1(c) ]. The set of forests was quite varied, with coniferous, palm, deciduous, dense or sparse forests, and orchards. Forests were photographed in every season. In the opinions of the investigators, all images were distinguishable from one another. The experiment was run on a Dell Precision M6500 computer (Austin, Texas). The computer was controlled by MATLAB 7.5.0 and the Psychophysics Toolbox, Version 3.
Procedure
This prospective study was reviewed and approved by the University of Texas, MD Anderson Cancer Center, institutional review board and was HIPAA compliant. The procedure for this study was the same as in Experiment 1, except that it had two types of testing, immediate and delayed. For the immediate testing, the test phases for each of two stimulus sets followed immediately after the study phase. The study and test phases were done back to back for one stimulus set before the subject went on to the next set. For the second and delayed type of testing, the test phases occurred 27 to 68 days (mean 49.9 days) after the study phases. In the study phases, each participant saw 72 images that were randomly taken from the 216 musculoskeletal radiographs or forest scenes. The study images were consecutively presented on the computer display, each for 3 s with no time between the images, resulting in a total time of 3 min and 36 s for the study phase. Participants were told to memorize the images in preparation for a recognition test. In the test phases, participants saw a sequence of 72 images, of which 36 were randomly chosen old images from the study phase, and the remaining 36 were completely new images.
For each participant, each image was randomly assigned to appear in the immediate or delayed test-timing group. Once assigned to immediate or delayed testing, images were then randomly selected to be in the study phase or the test phase or to be one of the images that appeared in both study and test phases. Therefore, in each of the two types of test timing (immediate and delayed) each observer saw a unique assortment of 108 images of each type of image (radiograph and scene), of which 36 would be seen only in the study phase, 36 only in the test phase, and 36 in both phases.
All participants completed the test and study phase blocks for the two image types and two test phase timings for a total of 288 test trials. The order of the blocks (radiographs versus forest scenes) was counterbalanced across participants. Our principal unit of analysis was the probability of a hit minus the probability of a false alarm (hits -false alarms), which we refer to as recognition accuracy. We also report performance in terms of percentage correct and assess differences using the signal detection measures of memory sensitivity (d′) and response criterion (c).
In this experiment, we also asked three radiologists to rank the musculoskeletal radiographs into three equal groups, those they thought would be easy to recognize, difficult to recognize, and of intermediate difficulty. All were allowed, indeed encouraged, to apply whatever criteria seemed appropriate to each individual to make this determination. These three radiologists had participated as observers. To decrease the likelihood that their experience with the images during their participation would affect their sorting, we waited 3 months between the end of data collection for these three and when they were given the images to sort.
Results
The aim of the second experiment was to further investigate the intentional visual memory of radiologists for the images of their expertise and natural scenes and test how the trace holds over time for the two different image types. We also wanted to add more heterogeneity into the radiographs by asking experts to memorize a more diverse group of musculoskeletal radiographs and at the same time introduce more homogeneity for real scenes by limiting the set only to exemplars from one category, forests. All of the statistical analysis was done on d' values. 
Correlation with memorability scoring
In Experiment 2, we also examined the possibility that radiologists might be able, based on their expertise, to predict which radiographs might be more recognizable than others. For the 216 musculoskeletal radiographs, the three radiologists that ranked the images agreed 76% of the time on their scores of the degree of difficulty for the individual images. Their rankings also positively correlate (r ¼ 0.55 for all images; r ¼ 0.80 for images with consensus) with the presence of an abnormality, with radiographs with no abnormalities being rated as more likely to be hard to recognize than those with abnormalities. For musculoskeletal images, we find that the rankings of radiologists significantly correlated with the readers' performance on the immediate recognition test (for all images r ¼ -0.23 at p < 0.05, percentage of agreement on easy ¼ 86%, medium ¼ 77%, hard ¼ 68%; for images of consensus r ¼ -0.36 at p < 0.01, percentage of agreement on easy ¼ 86%, medium ¼ 76%, hard ¼ 65%). Thus, the radiographs rated as easy to remember by radiologists were this time more easily remembered on the memory test and were likely to have abnormalities.
Discussion
Observer-performance experiments are commonplace in the diagnostic radiology literature. They can be designed in various ways depending on the question being asked. Generally, they have the common element that observers (usually radiologists) are asked to search out a particular feature on images in two or more different conditions. Sometimes the different conditions may be entirely separate types of images. In that situation, the observers' memory for the first set of images will not influence their interpretation of the second set because they are not seeing the same images again. For example, if one were testing the ability of radiologists to diagnosis meniscal tears on magnetic resonance imaging versus ultrasound, the appearance of the two modalities would be so different that one could reasonably expect that memory for the magnetic resonance imaging would not influence interpretation of the ultrasound and vice versa, if they are presented in an unconnected fashion. At other times, the observers may be viewing the same images in different ways. For example, one experiment compared the observers' ability to find pulmonary nodules in different ambient noise conditions. 20 A big concern in such experiments is that memory for the first type of image viewed may affect the interpretation of the second type. Investigators use several different methods to try to decrease this effect, with one typical method being to allow a time gap between interpretations.
The concern that memory may affect interpretation on reexamination is warranted since research over the past decades on visual recognition memory has demonstrated that humans have a very large memory for visual information. Humans can correctly discriminate previously viewed photographs of scenes taken from everyday life versus new scenes with accuracy rates approaching or exceeding 90%, even when the foil photograph is from the same scene category 21 or when an interval up to 3 days has elapsed between viewings.
2 These experiments were done with heterogeneous image sets.
In observer performance studies, the image sets composed of radiographs are typically rather homogeneous. The images are usually presented in shades of gray and share a substantial number of elements, for example, two lungs, a heart, and 12 pairs of ribs on a chest radiograph. They differ only in smaller details.
So what happens when we directly compare memory of expert observers for a homogeneous set of representative images from their general domain of expertise to naïve observers and then contrast that performance to their memory for a variety of everyday scenes? Our findings replicate the results of Evans et al. 12 and show that radiologists' memory for chest radiographs, though significantly better than medically naïve observers', still does not come even close to their memory for everyday scenes. Even to radiologists, chest radiographs, though more scenes like than the mammograms used in an earlier study, with spatial layouts and less homogeneity of structures, are still not as memorable as everyday scenes.
Chest radiographs and real scene image sets differed markedly in their heterogeneity, so in order to test further how perceptual expertise as opposed to the heterogeneity or homogeneity of the image sets might modulate visual recognition memory, we tried to even the playing field between the two sets. Although different varieties of images could have been chosen, we believed that musculoskeletal radiographs and natural scenes restricted to forests would be reasonably comparable in terms of the amount of variety in the images. As it happened, radiologists' memory for musculoskeletal radiographs (d 0 ¼ 1.48) was significantly better than for chest radiographs (d 0 ¼ :80) and notably better than for images of forests (d 0 ¼ :90), while their memory for the two relatively homogeneous sets, chest radiographs and forests, was similar. Therefore, homogeneity or heterogeneity of the image sets seems to be of primary importance for memory, and expertise with the image set provides a lesser degree of advantage.
There is contradictory evidence regarding radiologists' memory for abnormal versus normal radiographs. In a study, which used both normal and abnormal chest radiographs carefully chosen to include only one example each of different types of abnormalities, senior staff radiologists remembered the abnormal images as well as they remembered human faces.
14 Another study of memory for radiographs was performed as part of an experiment testing radiologists' ability to distinguish two different positions of a central venous access catheter on frontal chest radiographs. In that study, the relevant abnormality, placement in the less desirable position, was present in half the images and did not improve recognition memory. 16 Both of our experiments were in the middle ground, both in terms of memory performance and in terms of variability of abnormalities. There were several different types of abnormalities, but there certainly were repetitions. We again believe this underscores the importance of variety in prompting memory.
With the chest radiographs, efforts to predict which images would be most easily remembered failed, while with the musculoskeletal set, memorability of radiographs was predictable, with their predictions correlating with the presence of an abnormality. One possible explanation for these results is that chest radiographs were too homogeneous and very hard to remember, thus the performance on those was close to floor, making the subtle effect of expertise and predictability hard to observe. Conversely, the musculoskeletal set was varied enough that performance was good, allowing us to observe how expertise with the images modulates memory for them. The details rendered meaningful to radiologists due to years of experience with radiographs introduced enough context in the image set to allow for radiographs to be more memorable than images of forests and their memorability predictable. Another possible reason why we find differing results when looking at the predictability of memorability of two different radiograph sets may relate to the subspecialization of the radiologists doing the ranking compared with those serving as observers. When chest radiologists ranked chest radiographs (and took as much time as they wished to consider each image), they may have noticed subtle findings that to them were interesting and would make the image memorable but that were not noticed by nonthoracic radiologists who were limited to 3 s to study each image. Conversely, when nonmusculoskeletal radiologists ranked musculoskeletal images, they brought to the task no greater level of training than the study participants, all but one of whom specialized in an area other than musculoskeletal imaging. Another possibility, of course, is that some lingering memory of their own performance as subjects may have guided some of the decisions of those ranking the musculoskeletal images, but we think that is unlikely given a 3-month gap. Though it is impossible to exclude possibility that an implicit impression about the images due to their own experience with the same could be contributing to the differences we observe between Experiments 1 and 2, it is possible that with a different method of ranking the memorability of the radiographs, correlation between memorability scoring and performance may have been achieved with the chest radiographs.
The second question we addressed was what happens to the memory for the images of expertise over time and how memory decays for them compare to everyday real scenes. Memory for both types of images came to chance levels after an average delay of 50 days between study and test phases. A similar decline has been reported in other studies where memory for photographs with miscellaneous real-world content already dropped to chance levels after 28 days post study. 22 Interestingly, we find that the decline is more severe for the images of expertise (i.e., radiographs) than for real-world images of forest. This decline is driven by a higher reduction in the hit rate rather than an increase in the rate of false alarms for radiographs in comparison to forests.
Conclusions
Memorability for both everyday scenes and images taken from a general domain of an observer's expertise (e.g., here radiology) is determined more by the variability of the set than the degree of experience of the observer with the type of image. Expertise with the images to be encoded into long-term pictorial memory allows for better encoding but not enough to make up for lack of idiosyncratic detail and homogeneity of the image set. It is not possible to reliably predict which images will be easily recognized. Nonetheless, for both homogeneous and heterogeneous image sets, idiosyncratic detail such as the presence of an abnormality can contribute to better recognition memory. Therefore, in reader-performance studies, avoiding the use of images with unique incidental abnormalities is recommended. Regarding the durability of pictorial memory, data indicate that visual recognition memory for both images of expertise and everyday scenes is not long. Prior studies have shown that with radiologic image sets even a gap of 1 to 3 days results in memory that is only slightly above chance, and we have here shown that memory for radiographs erodes to chance level within 7 weeks, suggesting that a time gap, though useful for avoiding interference from memory, does not need to be longer than one and a half months. Mark McEntee is associate professor of medical radiation science. His current research interests revolve around perception in medical imaging and performance errors, as well as radiation dose and image quality analysis with the aim of improving radiological diagnostic performance.
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